Background/Aims: Increasing evidence suggests an association between thyroid-stimulating hormone (TSH) and estimated glomerular filtration rate (eGFR). We conducted a Mendelian randomization (MR) analysis to examine the causality of the association between TSH and eGFR. Methods: 10,603 participants were recruited from the Survey on Prevalence in East China for Metabolic Diseases and Risk Factors (SPECT-China), which was performed in 23 sites in East China during 2014-2016. We constructed weighted genetic risk scores (GRS) for TSH based on three TSH-related single nucleotide polymorphisms. eGFR was calculated using the CKD Epidemiology Collaboration formula. The instrumental variable (IV) was used to explore the causal relationship between TSH and eGFR. Results: Higher measured TSH levels were associated with lower eGFR (B -0.717, 95%CI -0.958, -0.476) after multivariable adjustment. However, by MR analysis, per SD increase in the TSH_GRS was significantly associated with TSH (B 0.155, 95%CI 0.076, 0.235, P<0.001) but not with eGFR (B -0.127, 95%CI -0.364, 0.110). Using IV estimator, no causal associations were observed for genetically instrumented TSH with eGFR. Conclusion: By a genetic approach that limits residual confounding and reverse causation in observational conventional epidemiological studies, TSH and eGFR are not causally associated, which suggests genetically elevated TSH concentrations may not affect the renal function.
Introduction
Chronic kidney disease (CKD) is a rising contributor to the global disease burden. CKD increases the risk of all-cause mortality, cardiovascular disease, and progression to endstage renal disease [1] . Now, approximately 13.1% of Americans and 10.8% of Chinese adult population are affected by CKD [2, 3] . Although hypertension, diabetes mellitus, and obesity, etc., have been established as risk factors for CKD [4] , identification of new risk factors for CKD, or decline in estimated glomerular filtration rate (eGFR), which is a surrogate for development of CKD, may help extensively understand the pathogenesis of CKD and develop novel prevention strategies for CKD.
Thyroid-stimulating hormone (TSH) might lower eGFR. Evidence from cross-sectional studies supports this speculation: high TSH was associated with low eGFR and increased odds ratio of CKD [5] [6] [7] . Prospective studies exploring the effect of thyroid hormones on renal function decline were limited and reported discrepant findings. One study found that high-normal TSH levels were associated with an increased risk of incident CKD in euthyroid individuals [8] . Other two studies found no association between TSH and change in renal function [9, 10] . However, data from the Rotterdam Study reported that higher TSH levels were associated with less annual eGFR decline and lower CKD incidence [11] . Due to the nature of cross-sectional study and conflicting results of prospective studies, the causality between TSH and eGFR should be further confirmed.
An alternative to classical observational study is mendelian randomization (MR) study, which is not susceptible to confounding and reverse causality [12] . MR uses genetic variants in non-experimental data to derive estimates of the causal effect of an exposure on an outcome [13] . In this study, if high TSH is causally related to lower eGFR, genetic variants associated with higher TSH should be associated with lower eGFR. These genetic variants are inherited from parents to offspring during meiosis at conception and remained unchanged throughout life [14] . Thus, analogous to randomized clinical trials, MR could overcome limitations in conventional epidemiological studies such as reverse causation and residual confounding [13] .
In the present study, we set out to use a MR approach to investigate the causal association between TSH and eGFR based on the large community-based sample from SPECT-China study (Survey on Prevalence in East China for metabolic diseases and risk factors). TSH genetic risk score (TSH_GRS) was constructed to represent the genetic susceptibility.
Materials and Methods

Participants
The data were from the ongoing SPECT-China study, which is a large cross-sectional study (ChiCTR-ECS-14005052, www.chictr.org.cn). Recruitment and enrollment have been described in detail in previous papers [15] [16] [17] . We included Chinese citizens≥18 years old who had lived in their current area for ≥6 months and excluded subjects with severe communication problems, acute illness or who were unwilling to participate. From 2014 to 2016, 12666 subjects who were 18-93 years old were recruited in the SPECT-China study from 23 sites in Shanghai, Zhejiang, Jiangsu, Anhui and Jiangxi Province. Among them, genotype information was available in 10, 664 participants (84.2%). We excluded the participants who missed information on TSH (n=40) or eGFR (n=2) or more than two single nucleotide polymorphism (SNP) genotypes (n = 19). Finally, a total of 10, 603 participants were involved in this analysis.
The Ethics Committee of Shanghai Ninth People's Hospital, Shanghai JiaoTong University School of Medicine approved the protocol [approval number 2013 (86)]. The study was conducted in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2008. All participants gave informed consent before data collection.
Measurements
Interview and collection of biological specimens were performed by the same trained staff at each site with a single assessment protocol. Blood samples were drawn between 7:00 am and 10:00 am after participants were fasted for at least 8h. Blood was refrigerated immediately after phlebotomy, and after 2-4h it was centrifugated and the serum was aliquoted and frozen in a central laboratory, which was certified by the College of American Pathologists. Serum total tetraiodothyronine (TT4), total triiodothyronine (TT3) and thyroid-stimulating hormone (TSH) were measured by the chemiluminescence immunoassay (SIEMENS immulite 2000, Germany). Glycated hemoglobin (HbA1c) was measured by high-performance liquid chromatography (MQ-2000PT, Medconn, Shanghai, China). Fasting plasma glucose (FPG) and serum creatinine were measured by a Beckman Coulter AU 680 (Brea, USA).
Body mass index (BMI) was calculated as weight (kg) divided by the square of height (m²). Current smoking was defined as having smoked at least 100 cigarettes in one's lifetime and currently smoking cigarettes [18] . Blood pressure was measured using standard methods [18] .
eGFR was calculated using the following CKD-EPI formula: (1) Hypertension was defined as a systolic blood pressure (SBP) of 140 mmHg or higher, a diastolic blood pressure (DBP) of 90 mmHg or higher, or self-reported previous diagnosis of hypertension by physicians.
Genotyping, genetic loci selection and genetic risk score construction DNA was extracted from blood leukocytes using a blood genomic DNA extraction kit (OSR-M102-T1, TIANGEN BIOTECH CO, LTD, Beijing, China) on an automated nucleic acid extraction instrument (OSE-M48, TIANGEN BIOTECH CO, LTD, Beijing, China). Specific assays were designed using Geneious Pro (v4.8.3) (https://www.geneious.com/). Mass determination was carried out with the JUNO and data acquisition was completed using Fluidigm SNP Genotyping Analysis v4.1.3software (Fluidigm Corporation, South San Francisco, California, USA). Call rates of all included SNPs were greater than 98%.
We identified 3 SNPs involved in susceptibility of TSH (XKR4rs2622590, CAPZBrs6683419, FOXE1rs925489) selected from a recently published genome wide association study (GWASs) in Chinese [19] . They all reached a genome-wide significance level (P< 5x10 -8 ) and not in linkage disequilibrium (r²=0).
Statistical analysis
IBM SPSS Statistics, Version 24 was used for data analyses (IBM Corporation, Armonk, NY, USA). A two-sided P value <.05 indicated significance. Continuous variables were presented as the mean ± standard deviation (SD) and categorical variables as a percentage (%), respectively.
Construction of GRS was performed using the additive genetic model for each SNP (coded as 0, 1, and 2 to genotypes containing 0, 1,or 2 risk alleles, respectively) [20] . For the TSH_GRS, we derived a weighted score by multiplying the number of TSH increasing alleles of each SNP with the respective β coefficient from the literature [19] and then taking the sum of all values. The characteristics of the individual SNP in the TSH_GRS were shown in Table 1 . Weighted GRS was used in the present study, and the un-weighted GRS was used in the sensitivity analysis.
We assessed the strength of associations using F statistics [F = (R²* (n-2))/(1-R²)] [21] , with values greater than 10 regarded as useful for mendelian randomization analysis [14] .
Linear regression analyses were applied to determine the associations of the TSH_GRS and TSH with eGFR. Model 1 adjusted for age, sex and TT4. Model 2 adjusted for age, sex, TT4, BMI, current smoking (yes or no), hypertension (yes or no) and diabetes (yes or no). Regarding the MR analysis, the weighted TSH_GRS was used as the instrumental variables (IV) estimators. The formal MR analyses to estimate the possible causal effect of TSH on eGFR were done using the IV ratio method [14] . For the decreased eGFR because of higher TSH, the computational formula was β IV(TSH-eGFR) = β TSH_GRS-eGFR /β TSH_GRS-TSH . The model was adjusted for age, sex, TT4, BMI, current smoking (yes or no), hypertension (yes or no), and diabetes (yes or no). The standard error (SE) and confidence interval (CI) for the IV estimators was estimated by the delta method. The formulas were shown as below.
To validate the genetic instruments, we assessed the associations between each individual SNP with TSH and eGFR, respectively. We also measured the potential pleotropic associations of each individual SNP and the GRS with BMI, FPG, HbA1c, SBP and DBP.
In sensitivity analysis, we derived the unweighted TSH_GRS and TSH_GRS 2SNP removing the SNP may have pleiotropic effect on eGFR-related metabolic risk factors. Then we used them as the IVs.
Results
Association between SNPs with TSH
We tested the association between three TSH-related SNPs with TSH. Unstandardized coefficients (95% confidence interval (CI)) of additive regression models are shown in Fig. 1 . In the three TSH-related SNPs, two SNPs located at the CPAZB or FOXE1 loci were significantly associated with TSH in this study. The other SNP located at the XKR4 loci also showed a marginal significance with TSH (P=0.08).
Pleiotropic effects of SNPs
We checked whether the SNPs showed any association with TSH and CKD related major metabolic traits. Thus, we tested the potential associations of the SNPs with BMI, FPG, HbA1c, SBP and DBP using an additive model. The results are presented in Table 2 . Except for the association between rs6683419 and HbA1C, we did not identify any significant association of TSH genetic instrument with BMI, FPG, HbA1c, SBP and DBP.
Characteristics of study participants according to TSH_GRS Quartiles
As expected, with the increasing TSH_ GRS, serum TSH concentrations gradually and markedly increased. However, the TSH_GRS was neither consistently associated with TT3 and TT4, nor with the risk factors such as age, sex, smoking status, hypertension or BMI (Table 3 ). There was no trend between TSH_ GRS and eGFR. 
Association of TSH_GRS and TSH with eGFR
First, in this cross-sectional study, 1 SD increase of TSH was negatively and significantly associated with eGFR after adjustment for age, sex and TT4 (B -0.781`, 95%CI -1.015, -0.546) ( Table 4 , Model 1). Further adjusting for other metabolic profiles slightly attenuated the association, but it remained significant (B -0.717`, 95%CI -0.958, -0.476).
Next, we measured the association of TSH_GRS with eGFR. In Table 4 , per SD increase in TSH_GRS was not significantly associated with eGFR after adjustment for age, sex and TT4 (B -0.163, 95%CI -0.395, 0.069) (Model 1). Further adjusting for BMI, current smoking (yes or no), hypertension (yes or no) and diabetes (yes or no) did not change the results (B -0.127, 95%CI -0.364, 0.110) (Model 2). The quartiles of TSH_GRS also showed no significant association with eGFR. Fig. 2 presents the association of genetically determined TSH with eGFR. In the IV analysis, the causal regression coefficient of genetically determined TSH for eGFR was -0.804 (95% CI -2.364, 0.756).
Sensitivity analysis
There was one TSH-related SNP (rs6683419) having pleiotropic effects with HbA1C, though the weighted GRS was not associated with most metabolic traits expect for diabetes (Table 5) . Thus, we excluded this SNP to construct TSH_GRS 2SNP , which is expected, was not associated with diabetes or other metabolic traits. The IV estimate for causal relationship from TSH to eGFR was -1.500 (95%CI -3.456, 0.456). Moreover, using the unweighted GRSs, the results were similar as those using weighted GRSs. Table 3 . Characteristics of study participants according to the weighted TSH genetic risk score (TSH_ GRS). The data are summarized as the mean (SD) for continuous variables or as a numerical proportion for categorical variables. P for trend was calculated by ANOVA and chi-square tests. Since TSH was nonnormally distributed, they were log-transformed. TSH, thyroid-stimulating hormone; GRS, genetic risk score; TT3, total triiodothyronine; TT4, total thyroxine; BMI, body mass index; eGFR, estimated glomerular filtration rate 
Discussion
In this community-dwelling sample of Chinese adults, inverse cross-sectional associations between TSH and renal function were observed after multivariate adjustment. However, the results of MR analysis provide no evidence for a causal effect of high TSH on lowering eGFR. To date and to the best of our knowledge, this is the first study to explore the association between genetic variants associated with TSH and eGFR using the MR approach. Table 5 . Association of each 1-SD of the TSH_GRS with metabolic traits. Data are expressed as unstandardized coefficients (standard error) and odds ratio (95% confidence interval). Multiple linear and logistic regression wasperformed. The model was adjusted for age, sex and BMI. TSH, thyroid-stimulating hormone; BMI, body mass index; FPG, fasting plasma glucose; HbA1C, glycated hemoglobin; SBP, systolic blood pressure; DBP, diastolic blood pressure Most, predominantly cross-sectional studies to date have focused on the hypotheses that hypothyroidism gives rise to several cardiovascular risk factors and circulatory changes through which kidney function could be affected [5] [6] [7] [8] . Nevertheless, the lack of a genetically determined causal association between thyroid function and kidney function suggests that the previously observed association between TSH and eGFR might be explained by reverse causality or residual confounding. In case of reverse causality, evidence has shown that severe CKD commonly causes a hypothyroid state that exists in the absence of primary hypothalamic-pituitary-thyroid axis dysfunction [22, 23] . Moreover, unmeasured or unknown factors not taken into account as confounding variables in the observational studies might have affected the observed association between TSH and eGFR. Of note, although some intervention studies found L-thyroxine replacement therapy attenuated the rate of decline in renal function in CKD patients with hypothyroidism [24] [25] [26] , the sample sizes were relatively small and none of these were randomized control trials.
In MR, genetic variant(s) are used as IVs to explore the causal effect of the exposure on the outcome. In our study, the three TSH SNPs were combined into a GRS. GRS is a convenient way of summarizing multiple genetic variants associated with an exposure of interest [27] . Since one SNP explains very little of a trait variance, using a GRS as IV instead of each individual SNP helps increase power and make stronger instruments [14] . To be a valid IV, GRS should fulfill three assumptions [14, 28] . First, the GRS should be associated with the exposure. All SNPs used in this study have previously been shown to be significantly associated with TSH in large GWAS. In the present study, the association of each SNP and the TSH_GRS with the TSH were also very significant. Second, the GRS should not be correlated with any confounders of the exposure-outcome relation. In our study, we found the TSH_ GRS were not associated with smoking status and most metabolic traits such as BMI and hypertension, which were common potential confounders of the TSH-eGFR association. We further tested the pleiotropic effects of each SNP on the above confounders and the results showed one SNP had pleiotropic effects (rs6683419) with HbA1C. Thus we removed this SNP and created the TSH_GRS 2SNP , but the IV estimate was not significantly changed from that in TSH_GRS 3SNP and TSH_GRS 2SNP were not associated with diabetes any more. . Third, the GRS is independent of the outcome, except possibly via its influence on the exposure. It means that the only causal route from the genetic instrument to the outcome is through the exposure (no other routes between TSH_ GRS and eGFR) [28] . Thus, we analyzed the association of each SNP and TSH_GRS with the eGFR. Except rs2622590, the SNPs and GRS were not significantly associated with eGFR (Fig. 3) . Further studies are required to gain more information about this SNP and its effect on eGFR beyond the effects through TSH.
The strength of our study was its welldefined community-based population, a relative large sample size, the MR study design and a created TSH_GRS representing the combined effect of the established common genetic variations of TSH as the IV. In addition, we carefully performed adjustments for potential confounders, including TT4. However, there are several limitations we should acknowledge. Firstly, although the association between TSH_GRS and TSH was statistically significant, the effect size was quite small (the TSH increased from 0.32 to 0.38 from Q1 to Q4). This was because we created our TSH_GRS only on the basis of common variants, which was considered to represent limited amount of variance in TSH. We were unable to assess the potential contribution of rare variants. Future genetic-epidemiological studies with larger number of SNPs are required to validate our finding. Secondly, since we primarily used creatinine-based estimating equations for eGFR, we cannot rule out effects of thyroid hormones on the muscle metabolism of creatinine or its tubular secretion. Finally, we created the TSH_GRS by using the common variants that were robustly associated with TSH in East Asians, which may not be generalizable to other ethnic groups.
Conclusion
Although the concentration of TSH was associated with eGFR in cross-sectional study, we did not find a higher TSH_GRS was associated with lower eGFR by MR analysis. Our study suggested small variations in TSH are unlikely to be causative of eGFR variations; however, greater variations might still be causative and should be studied in a different setting. Further prospective cohort and multi-ethnicity MR studies with larger number of SNPs should be performed in subjects with all eGFR categories to allow reliable confirmation or refutation of the causal TSH_GFR relationships.
